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SUMMARY 
NASA is participating with other federal agencies in the surveillance of 
Ocean dumping activities and the monitoring of oceanic conditions and the 
effects of dumping. Part of this work involves laboratory measurements of 
upwelled spectral signatures of various concentrations of industrial waste pro- 
ducts mixed with water in a large water tank. This paper describes two such 
experiments. The laboratory arrangement, some test equipment, and results of 
two experiments are presented. 
for a biosolid waste product mixed with conditioned tap water and natural river 
water. Results of these experiments indicate that reflectance increases with 
increasing concentration of the sludge at practically all wavelengths for con- 
centrations of total suspended solids up to 117 ppm in conditioned tap water 
and 171 ppm in natural river water. Significant variations in the spectra were 
observed and may be useful in defining spectral characteristics for this waste 
product. No significant spectral differences were apparent in the reflectance 
spectra of the two experiments in the two types of base water, especially for 
wavelengths greater than 540 nm. Reflectance values, however, were generally 
greater in natural river water for wavelengths greater than 540 nm. Reflectance 
may be considered to increase linearly with concentration of total suspended 
solids from 5 to 171 ppm at all wavelengths without introducing errors larger 
than 10 percent. 
Radiance and reflectance spectra are presented 
INTRODUCTION 
The National Aeronautics and Space Administration is participating with 
other federal agencies in the surveillance of ocean dumping activities and mon- 
itoring of oceanic conditions and the effects of dumping (refs. 1 to 4 ) .  The 
immediate objective of NASA in this effort is to evaluate the feasibility of 
using remote sensing systems such as multispectral scanners on aircraft to mon- 
itor the movement and dispersion of these dumped materials. As remote sensing 
systems improve and spectral signatures of waste materials are understood more 
clearly, it may become possible to define and map the concentration levels of 
these materials without concurrent sea truth data. Development of this tech- 
nology could possibly lead to a satellite remote sensing system to locate, iden- 
tify, map, and quantify pollution features in the coastal zones and oceans. 
Large quantities of solid waste materials are dumped into the oceans each 
year. Recently, for example, over 7 million metric tons ( 8  million tons) of 
municipal and industrial waste products and 22 million m3 (30 million yd3) of 
contaminated dredge spoil were disposed of in this manner in 1 year (ref. 1 ) .  
Evidence indicates that these waste materials in large, concentrated amounts 
could change the natural oceanic environment, adversely affect ecological sys- 
tems, and create a potential hazard to human health. To minimize the proba- 
bility of these undesirable effects occurring specific areas in the oceans have 
been designated by the Environmental Protection Agency (EPA) €or disposing of 
t h e s e  waste materials ( r e f .  5 ) .  I n  a d d i t i o n ,  a comprehensive and con t inu ing  
program of moni tor ing  and r e s e a r c h  r ega rd ing  t h e  e f f e c t s  of t h e  dumping of 
waste materials i n t o  ocean waters ( r e f .  5) is conducted by t h e  Na t iona l  
Oceanic and Atmospheric Adminis t ra t ion  (NOAA) w i t h  NASA p a r t i c i p a t i o n .  
I n  1975, 11 ocean d i s p o s a l  sites were i n  a c t i v e  use. Three of t h e s e  
were l o c a t e d  i n  t h e  Gulf of Mexico ( r e f .  5 ) .  One of t h e s e ,  t h e  Western Gulf 
S i t e ,  w a s  used by t h e  S h e l l  Chemical Company of  Deer Park,  Texas, under EPA 
special permit number 730D008F, to d i spose  of an i n d u s t r i a l  b i o s o l i d  waste 
product  ( s ludge )  from February 1976 t o  August 1977. I n  J u l y  1977 a dump was 
made a t  t h i s  s i t e  from a moving barge ( l i n e  dump) whi le  remotely sensed  mul t i -  
spectral  scanner d a t a  were c o l l e c t e d  by a NASA a i r c r a f t  ( r e f .  6 ) .  Samples of 
t h e  s ludge  material  were sh ipped  t o  Langley Research Center ( L a c )  f o r  spec- 
t r a l  s i g n a t u r e  experiments us ing  a l a r g e  water tank. The resul ts  of t h e s e  
exper iments  are t h e  s u b j e c t  of t h i s  paper. 
The o b j e c t i v e s  of t h e s e  experiments were to  measure t h e  r ad iance  and 
r e f l e c t a n c e  spectra of t h e  b i o s o l i d  s ludge  a t  v a r i o u s  c o n c e n t r a t i o n s  i n  t w o  
t ypes  of base water; to determine t h e  l i n e a r i t y  or n o n l i n e a r i t y  of t h e  r e f l e c -  
t ance  wi th  concen t r a t ion ;  and to  provide  d a t a  to  a i d  i n  t h e  i n t e r p r e t a t i o n  
and understanding of  t h e  f l i g h t - t e s t  d a t a .  To accomplish t h e s e  o b j e c t i v e s  
t h e  s ludge  w a s  mixed wi th  t w o  base  water types  i n  steps t o  o b t a i n  s e v e r a l  mix- 
t u r e  concen t r a t ions .  Radiance spectra were measured f o r  t h e  base waters and 
each mixture  concen t r a t ion .  Re f l ec t ance  spectra were c a l c u l a t e d  from t h e s e  
d a t a  and are p resen ted  as a f u n c t i o n  of wavelength and mixture  concen t r a t ion .  
R e s u l t s  of t h e  exper iments  are d i scussed  and a b r i e f  d e s c r i p t i o n  of t h e  
l a b o r a t o r y  as w e l l  as some of t h e  components i n  t h e  l a b o r a t o r y  arrangement 
is g iven .  
on t w o  samples of b i o s o l i d  waste. 
These experiments were conducted i n  August and September 1977 
SYMBOLS 
A area of spectrometer en t r ance  s l i t ,  cm2 
D v e r t i c a l  d i sp lacement  of oscilloscope measurement, c m  
E O )  spectral i r r a d i a n c e ,  W/m2-nm 
K r a t io  of ins t rument  throughput to v e r t i c a l - s c a l e  s e n s i t i v i t y  
cmz-sr 
mW/nm-cm 
f a c t o r ,  
mW/nm 
upwelled spectral  r ad iance ,  - 
cm2-sr 
spectral p o w e r ,  mW/m 
v e r t i c a l - s c a l e  s e n s i t i v i t y  f a c t o r ,  mW/cm-nm 
2 
m .  .. ., , ,. ., . ......_-- 
x wavelength, nm 
Pu ( A )  spectral reflectance, percent of input (relative to a 100-percent 
diffuse reflector) 
n acceptance solid angle of spectrometer, sr 
LABORATORY AND EQUIPMENT 
Figure 1 is a sketch of the laboratory arrangement. Major parts of the 
setup include a water tank, circulation system, filtration and deionization 
system, solar simulator, first-surface mirror, and rapid-scan spectrometer. A 
black canvas tent covers the water tank to block out background radiation dur- 
ing testing and to minimize the amount of contaminants, such as dust, entering 
the water tank. A brief description of the laboratory and equipment follows. 
Further descriptive material is found in reference 7. 
The water tank has a volume of about 12.5 m3. The interior is coated with 
a black phenolic paint that absorbs 97 percent of incident radiation. After 
the tank is filled with water, the circulation system is used to maintain a 
homogeneous mixture in the tank.. This is accomplished by pumping water from 
two drains in the bottom of the tank through a system of pipes which returns 
the water to the tank through four vertical pipes along the interior walls of 
the tank. Tests using tracer techniques and transmission measurements have 
confirmed that this circulation system maintains a uniform mixture throughout 
the tank for particle sizes less than 100 pm. The deionization and filtration 
system removes suspended materials, organic materials, and dissolved ionic sub- 
stances. Generally after tap water is conditioned through this system, it con- 
tains less than 0.5 ppm of suspended solids and less than 2 ppm of dissolved 
substances. 
The simulated solar radiation spectrum is produced by a 2.5-kW xenon short- 
arc lamp. A collimated light beam is projected onto the surface of the water by 
a mirror positioned above the water tank. (See fig. 1.) The angle of incidence 
of the beam with the surface of the water is 13O. The simulated spectrum is 
similar to a sea-level standard solar radiation curve (Solar elevation = 30°) 
often used in engineering calculations (fig. 2 ,  from ref. 8). The intensity 
of the light at the surface of the water is approximately 8 percent of the sea- 
level standard. 
The rapid-scanning spectrometer system consists of a spectrometer unit 
with a telephoto lens attachment and a plug-in unit with an oscilloscope and 
camera attachment. The spectrometer unit with telephoto lens attachment is 
mounted 2.43 m above the surface of the water. (See fig. 1.) The spectrom- 
eter uses a Czerny-Turner grating monochromator without an exit slit. The 
spectral output of the monochromator is focused on the target of a vidicon 
tube, where the spectrum is stored as an electrical charge image. A n  electron 
beam periodically scans the vidicon target to convert the charge image into an 
electronic signal. This signal is processed by the plug-in unit, which func- 
tions as an electronic signal processor and controller between the spectrometer 
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and the oscilloscope. The signal is displayed on the oscilloscope and is pho- 
tographically recorded with the camera. 
The spectrometer is designed to measure power per spectral bandwidth 
(spectral power). The oscilloscope screen is used to show displacement of the 
instrument measurement. Oscilloscope displacement is proportional to spectral 
power, as shown in the following equation: 
The signal is internally processed in such a manner that the vertical-scale sen- 
sitivity factor S has a constant value over the wavelength range from 400 to 
980 nm. Values of S were obtained by the manufacturer using calibration pro- 
cedures described in reference 9. (After receipt of the instrument, the manu- 
facturer's calibration was checked in an approximate manner prior to the tests 
described herein.) 
The upwelled spectral radiance Lu(X) is defined as 
where A is the area of the spectrometer entrance slit and S l  is the accept- 
ance solid angle of the spectrometer. Radiance values given in this document 
are based on power received at the detector and are not corrected for losses 
through the telephoto lens. Tests with and without the lens indicate that such 
losses are much less than 5 percent for wavelengths between 400 and 980 nm. 
Combining equations (1) and (2) results in 
DS 
As2 
Lu(X) = - ( 3 )  
or 
D 
K 
Lu(X) = - 
4 
where 
Thus, upwelled spectral rad iance  is determined from displacement  and t h e  pro- 
p o r t i o n a l i t y  c o n s t a n t  K ,  which is a f u n c t i o n  of t h e  c a l i b r a t i o n  f a c t o r  S 
(which i n c l u d e s  optical t r a n s m i s s i v i t y )  as w e l l  as acceptance a n g l e  R and 
s l i t  area A. 
The spectr al r e s o l u t i o n  of the spectrometer  f o r  t h e s e  exper iments w a s  
32 nm. The accuracy of t h e  r a d i a n t  power measurements based on t h e  manufac- 
t u r e r ’ s  spectrometer s p e c i f i c a t i o n s  is +20 p e r c e n t  between wavelengths of 400 
and 600 nm and +12 p e r c e n t  between 600 and 967 nm. Included i n  t h e  error is 
a r e p e a t a b i l i t y  u n c e r t a i n t y  of +13 p e r c e n t  between 400 and 600 nm and 113.5 per- 
c e n t  between 600 and 967 nm. Discuss ions  wi th  a r e p r e s e n t a t i v e  of t h e  manufac- 
t u r e r  of  t he  ins t rument  i n d i c a t e  t h a t  t h e s e  v a l u e s  r e p r e s e n t  30 error bands. 
A l s o ,  t h e r e  is a wavelength error on t h e  order o f  f10 nm for each r a d i a n t  power 
measurement because of temperature  v a r i a t i o n s ,  r e p e a t a b i l i t y ,  and d i g i t a l  read- 
o u t  errors.  Because of these errors,  spectral r a d i a n c e s  from tests conducted 
on d i f f e r e n t  days u s u a l l y  d i f f e r  somewhat i n  magnitude. The o v e r a l l  shape of  
t h e  spectra over t h e  wavelength range is q u i t e  c o n s i s t e n t  between tests con- 
ducted on d i f f e r e n t  days,  however. 
EXPERIMENTAL METHOD 
Radiance spectra measurements were made for s e v e r a l  c o n c e n t r a t i o n s  of t h e  
s ludge  i n  t w o  t y p e s  of  base water. Tap water condi t ioned  by t h e  f i l t r a t i o n  and 
d e i o n i z a t i o n  system w a s  used a s  one of t h e  base water types and water from B a c k  
River’ without  c o n d i t i o n i n g  w a s  pumped i n t o  t h e  tank for t h e  o t h e r .  
shows a comparison of t h e  t w o  base water t ypes .  Samples of t h e  s ludge  were 
c o l l e c t e d  from s t o r a g e  f a c i l i t i e s  of t h e  S h e l l  Chemica l  Company a t  Deer Park,  
Texas. These samples were t r a n s p o r t e d  on ice i n  coolers to  LaRC and k e p t  under 
r e f r i g e r a t i o n  u n t i l  t he  experiments  were conducted. Table I1 shows t y p i c a l  
p h y s i c a l  and chemical c h a r a c t e r i s t i c s  of  t h e  s ludge.  Numbers i n  t h e  f i r s t  col- 
umn were taken  from t h e  EPA special ocean dumping permit 730D008F i s s u e d  t o  
S h e l l  Chemical Company and r e p r e s e n t  typical v a l u e s  for t h e  biosolid waste. 
Numbers i n  column 2 r e p r e s e n t  r e s u l t s  of an a n a l y s i s  on samples of t h e  s ludge  
t h a t  w a s  barged t o  t h e  s i t e  and dumped i n  J u l y  1977. Samples of t h i s  material 
were brought to  LaRC and used i n  t h e  Back  River water experiment i n  August 9977. 
A separate batch w a s  ob ta ined  la te r  from t h e  S h e l l  s t o r a g e  f a c i l i t y  and tes t ’ed 
i n  condi t ioned  tap water i n  September 1977. Values i n  columns 3 and 4 f o r  t h e s e  
t w o  ba tches  were measured i n  t h e  laboratories a t  LaRC. Before each experiment 
a l l  of t h e  remaining s ludge  w a s  p u t  i n t o  a drum and mixed for several hours  
Table I 
- 
l B a c k  River is l o c a t e d  i n  Hampton, Va . ,  on t h e  wes tern  s i d e  of  Chesapeake 
Bay and about  16 km from its mouth. 
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wi th  a small t r o l l i n g  motor. A sample of  t h e  mix tu re  w a s  t aken  and ana lyzed  
f o r  t o t a l  suspended s o l i d s .  These v a l u e s  (column 3) were used to estimate t h e  
volume o f  s ludge  r e q u i r e d  f o r  a d d i t i o n  to t h e  water tank  (11 600 l i t e rs )  t o  
achieve  a d e s i r e d  c o n c e n t r a t i o n  of t o t a l  suspended s o l i d s  i n  parts per m i l l i o n .  
These e s t ima ted  va lues  of t o t a l  suspended s o l i d s  are i n d i c a t e d  i n  f i g u r e s  3 ( a )  
and 3 ( b ) .  Af t e r  each ba tch  of s ludge  w a s  added t o  t h e  tank  to ach ieve  a 
d e s i r e d  c o n c e n t r a t i o n  and t h e  spectral s i g n a t u r e  w a s  measured, a sample w a s  
t aken  from t h e  water tank .  These samples were taken  by lower ing  a sample bot- 
t l e  below t h e  s u r f a c e  and a l lowing  t h e  bottle to  f i l l .  These samples were 
la ter  analyzed f o r  t o t a l  suspended s o l i d s .  Measured v a l u e s  are i n d i c a t e d  i n  
pa ren theses  i n  f i g u r e s  3 ( a )  and 3 ( b ) .  D i f f e rences  i n  t h e  e s t ima ted  and mea- 
su red  va lues ,  e s p e c i a l l y  f o r  t h e  higher c o n c e n t r a t i o n s ,  may be due t o  forma- 
t i o n  of precipitates. 
I n  p r e p a r a t i o n  f o r  an experiment,  t h e  water tank  was f i l l e d  to  w i t h i n  0.3 m 
of  t h e  top wi th  11 600 l i t e r s  of water. The s ludge  w a s  mixed wi th  cond i t ioned  
tap water to  o b t a i n  c o n c e n t r a t i o n s  of t o t a l  suspended s o l i d s  of 7 ,  18 ,  28, 39, 
62,  85,  and 117 ppm and w i t h  water from Back River to  o b t a i n  t o t a l  concentra- 
t i o n s  of  60,  80,  115, 135, and 171 ppm. Before s ludge  w a s  added, t h e  condi- 
t i oned  water had approximate ly  2.0 ppm suspended s o l i d s  and Back River water 
had 56 ppm which inc luded  about  20 ppb of c h l o r o p h y l l  a. The c o n c e n t r a t i o n s  of 
t o t a l  suspended s o l i d s  were s e l e c t e d ,  p a r t i c u l a r l y  those  i n  condi t ioned  tap  
water, to cover t h e  range be l i eved  to e x i s t  i n  plumes s e v e r a l  minutes a f t e r  an 
ocean dumping o p e r a t i o n  occurs. 
Af t e r  t h e  tank  was f i l l e d ,  t h e  c i r c u l a t i o n  system w a s  a c t i v a t e d  and t h e  
water w a s  allowed to c i r c u l a t e  u n t i l  a s t e a d y - s t a t e  c o n d i t i o n  e x i s t e d  i n  t h e  
tank. During t h i s  p e r i o d  and aga in  a f t e r  t h e  experiment,  r ad iance  spectra of 
a n e u t r a l  test whi te  c a r d  (100 p e r c e n t  r e f l e c t a n c e )  were measured wi th  t h e  
test ca rd  p laced  near t h e  s u r f a c e  of t h e  water. These d a t a  were used to nor- 
ma l i ze  t h e  s ludge  r ad iance  spectra so t h a t  spectral  d i f f e r e n c e s  would be more 
e a s i l y  recognized. 
Following t h e  t e s t - c a r d  measurements, an upwelled r ad iance  spectrum f o r  t h e  
base  water was ob ta ined .  Then t h e  proper amount of s ludge  was mixed wi th  t h e  
water to achieve  t h e  d e s i r e d  c o n c e n t r a t i o n  of  suspended s o l i d s .  Th i s  mixture  
w a s  aga in  allowed to c i r c u l a t e  f o r  approximately 1 5  minutes u n t i l  t h e  s ludge  was 
evenly  d i s t r i b u t e d  throughout t h e  t ank ,  and an upwelled spectrum was measured as 
before .  (See r e f .  7 . )  Addi t iona l  s ludge  was added to ach ieve  t h e  nex t  d e s i r e d  
c o n c e n t r a t i o n  of suspended s o l i d s .  This  procedure was r epea ted  t o  o b t a i n  
upwelled spectra f o r  t h e  o t h e r  concen t r a t ions .  Genera l ly ,  a f t e r  t h e  water tank  
w a s  f i l l e d ,  2.5 to 3.0 hours were r e q u i r e d  t o  complete an experiment.  
RESULTS AND DISCUSSION 
Measured spectral r ad iance  curves  are shown i n  f i g u r e  3.  Figure  3 ( a )  shows 
t h e  r ad iance  v a r i a t i o n s  wi th  wavelength and c o n c e n t r a t i o n  f o r  t h e  s ludge  mixed 
wi th  condi t ioned  tap water. F igu re  3 ( b )  shows similar d a t a  f o r  t h e  s ludge  mixed 
wi th  Back  River water. The spectral r ad iance  va lues  a t  any particular concen- 
t r a t i o n  and wavelength are an average over t h e  optical  bandwidth. For example, 
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v a l u e s  shown a t  600 nm are an average of va lues  from 584 t o  616 nm ( f o r  a spec- 
t r a l  r e s o l u t i o n  of 32 nm) .  Concent ra t ions  of t o t a l  suspended s o l i d s  for each 
mixture  are i n d i c a t e d  on t h e  curves.  Major spectral v a r i a t i o n s  i n  t h e s e  d a t a  
between 750 and 950 nm f o r  each c o n c e n t r a t i o n  are caused by t h e  spectral char- 
acteristics of t h e  i n p u t  xenon l i g h t  source. Data r e d u c t i o n  procedures  i n t r o -  
and could  p o s s i b l y  
W/m duce a random error es t imated  t o  be 22.2 x 10-7 - 
cm2-sr 
account  for s m a l l  v a r i a t i o n s  i n  t h e s e  curves.  A t  = 580 nm ( f i g .  3 ( a ) )  t h i s  
error is about + l o  p e r c e n t  of t h e  r a d i a n c e  v a l u e  for t h e  condi t ioned  water 
(2-ppm) curve and +2 p e r c e n t  f o r  t h e  11 7-ppm curve.  I n  f i g u r e s  3 (a)  and 3 (b )  
t h e  rad iance  i n c r e a s e s  a t  a l l  wavelengths wi th  i n c r e a s i n g  c o n c e n t r a t i o n  of sus- 
pended solids. Peak  r a d i a n c e  va lues  occur near X = 580 nm, e s p e c i a l l y  for t h e  
higher  c o n c e n t r a t i o n s .  
S e l e c t e d  d a t a  from f i g u r e s  3 ( a )  and 3 ( b )  are shown i n  f i g u r e  3 ( c ) .  
These curves  show t h e  d i f f e r e n c e s  between t h e  r a d i a n c e  spectra f o r  t h e  s ludge  
i n  condi t ioned  t a p  water and i n  Back  River water. The shapes of t h e s e  curves  
are e s s e n t i a l l y  t h e  same. For wavelengths less than  500 nm, rad iance  v a l u e s  
are g r e a t e r  i n  condi t ioned  tap water than  i n  Back  River water f o r  t h e  same 
to t a l  suspended solids. T h i s  d i f f e r e n c e  may be due to  a b s o r p t i o n  by chloro-  
p h y l l  or o t h e r  material p r e s e n t  i n  t h e  Back  River water. 
F igure  4 shows i n p u t  r a d i a n c e  s p e c t r a  (white-card data) t h a t  were mea- 
sured  before  and af ter  each experiment.  On t h e  basis of t h e  30 instrument  
i n a c c u r a c i e s  s p e c i f i e d  by t h e  manufacturer ,  t h e s e  data should n o t  d i f f e r  by 
more than 20 p e r c e n t  a t  wavelengths less  than 600 nm and 12 p e r c e n t  a t  wave- 
l e n g t h s  g r e a t e r  than  600 nm. I n  f i g u r e  4 t h e s e  d i f f e r e n c e s  are n o t  exceeded 
f o r  wavelengths less than 600 nm b u t  are f o r  m o s t  wavelengths g r e a t e r  than 
600 nm. Experience w i t h  t h e  ins t rument  has  shown t h a t  f o r  experiments  con- 
ducted on separate days, white-card measurements may d i f f e r  but  are w i t h i n  
t h e  error bands and are u s u a l l y  much smaller than  d i f f e r e n c e s  o b t a i n e d  f o r  
t h e s e  experiments.  S p e c i f i c  sources of these d i s c r e p a n c i e s  are unknown but  
could have been other systems i n  t h e  l a b o r a t o r y  arrangement. 
S p e c t r a l  r e f l e c t a n c e  curves  for each c o n c e n t r a t i o n  are shown i n  f i g u r e  5 .  
S l i g h t  v a r i a t i o n s  i n  e i t h e r  s e t  of data i n  f i g u r e  3 or f i g u r e  4 may be ampli- 
f i ed  or a t t e n u a t e d  because of t h e  wavelength error and t h e  e f f e c t s  w i l l  appear 
i n  f i g u r e  5 .  The decrease i n  r e f l e c t a n c e  i n  f i g u r e s  5 ( a )  and 5 ( b )  between 400 
and 440 nm is typical for clear o c e a n i c  waters, as may be seen  i n  r e f e r e n c e  10 
( f i g s .  10 and 12, pp. 39 and 7 8 ) ,  and is probably associated wi th  t h e  spectral  
c h a r a c t e r i s t i c s  of t h e  base water. For c o n c e n t r a t i o n s  less  than 39 ppm i n  
f i g u r e  5 ( a )  r e f l e c t a n c e  is p r a c t i c a l l y  c o n s t a n t  between 440 and 580 nm. For 
l a r g e r  c o n c e n t r a t i o n s ,  r e f l e c t a n c e  i n c r e a s e s  w i t h  wavelength to  a maximum v a l u e  
near  580 nm. The decrease from t h e  p e a k  v a l u e  w a s  g r a d u a l  f o r  wavelengths less 
than  700 run, wi th  a sharp d e c r e a s e  between 700 and 740 run. These f e a t u r e s  and 
t h e  t r e n d  between 440 and 580 nm f o r  t h e  higher  c o n c e n t r a t i o n s  could be s i g n i f -  
i can t  i n  determining unique spectral c h a r a c t e r i s t i c s  f o r  t h i s  material. Typi- 
c a l l y  for t h i s  l a b o r a t o r y  (see refs. 7 and 11, e.g.) r e f l e c t a n c e  increased  i n  
t h e  near - inf ra red  wavelengths f o r  m o s t  concent ra t ions .  I t  is suspec ted  t h a t  
t h i s  t r e n d  is also related to  t h e  spectral c h a r a c t e r i s t i c s  of t h e  base water. 
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A comparison of  t h e  r e f l e c t a n c e  d a t a  f o r  both types of base  water is shown 
i n  f i g u r e  5(c) .  Mixture c o n c e n t r a t i o n s  for t h e s e  cu rves  are t h e  same as t h o s e  
f o r  t h e  r ad iance  d a t a  shown i n  f i g u r e  3 ( c ) .  S p e c t r a l  d i f f e r e n c e s  of t h e  s ludge  
i n  t h e  t w o  base water t y p e s  are b e s t  i l l u s t r a t ed  i n  f i g u r e  6. These cu rves  were 
ob ta ined  by normal iz ing  each curve  i n  f i g u r e  5 ( c )  by t h e  r e f l e c t a n c e  va lue  a t  
580 nm, which is t h e  peak va lue  f o r  most of t h e  c o n c e n t r a t i o n s  of to ta l  sus- 
pended s o l i d s .  
F igu re  7 shows r e f l e c t a n c e  as a f u n c t i o n  of c o n c e n t r a t i o n  of to ta l  sus- 
pended s o l i d s  f o r  wavelengths between 400 and 900 nm. These d a t a  were s e l e c t e d  
from f i g u r e s  5 ( a )  ( s o l i d  curve)  and 5 ( b )  (dashed c u r v e ) .  Re f l ec t ance  was gen- 
e r a l l y  higher i n  Back River water than  i n  tap water. These curves  i n d i c a t e  a 
nonl inear  v a r i a t i o n  of r e f l e c t a n c e  wi th  c o n c e n t r a t i o n  of to ta l  suspended solids, 
e s p e c i a l l y  a t  t h e  lower concen t r a t ions .  The assumption of l i n e a r i t y  f o r  a l l  
wavelengths and f o r  c o n c e n t r a t i o n s  of to ta l  suspended s o l i d s  g r e a t e r  than  5 ppm 
would n o t  i n t roduce  errors l a r g e r  than 10 pe rcen t .  Th i s  in format ion  is i m p o r -  
t a n t  to r e s e a r c h e r s  u s ing  remotely sensed  d a t a  wi th  l i m i t e d  ground support d a t a .  
CONCLUDING REMARKS 
Radiance and r e f l e c t a n c e  s p e c t r a  f o r  a b i o s o l i d  waste product were ob ta ined  
i n  t w o  types of base water f o r  c o n c e n t r a t i o n s  of total  suspended s o l i d s  i n  t h e  
s ludge  from 7 to 117 p p  and wavelengths from 380 to 970 nm. The fo l lowing  
resul ts  were ob ta ined  from t h e s e  l a b o r a t o r y  measurements: 
1 .  Re f l ec t ance  inc reased  wi th  i n c r e a s i n g  c o n c e n t r a t i o n  of t h e  t o t a l  sus-  
pended solids a t  p r a c t i c a l l y  a l l  wavelengths. Peak v a l u e s  occurred near 580 nm 
f o r  most of t h e  spectra. 
2. S i g n i f i c a n t  v a r i a t i o n s  i n  t h e  r e f l e c t a n c e  spectra of each experiment 
were ev iden t  and may be u s e f u l  i n  determining a spectral s i g n a t u r e  f o r  t h i s  
waste product.  
3. Re f l ec t ance  va lues  were g e n e r a l l y  h igher  i n  r i v e r  water f o r  wavelengths 
g r e a t e r  than 540 nm f o r  similar c o n c e n t r a t i o n s  of total  suspended s o l i d s .  Spec- 
t r a l  d i f f e r e n c e s  were g r e a t e r  f o r  wavelengths less than  540 nm. 
4. The r e f l e c t a n c e  may be cons idered  to  i n c r e a s e  l i n e a r l y  wi th  concentra- 
t i o n  of total  suspended s o l i d s  a t  a l l  wavelengths and a t  c o n c e n t r a t i o n s  from 
5 to  171 ppm wi thout  i n t roduc ing  errors g r e a t e r  than  10  pe rcen t .  
Langley Research Center 
Na t iona l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
January  9 ,  1979 
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TABLE I.- CHARACTERISTICS OF BASE WATER TYPES 
Conditioned tap Back River 
water water 
Total suspended s o l i d s ,  ppm . . . . . . . . . . 1.9 
Chlorophyl l  5, ppb . . . . . . . . . . . . . . . 0 
Dissolved subs t ances ,  ppm . . . . . . . . . . . <5 
Average v o l a t i l e ,  ppm . . . . . . . . . . . . 1.6 
Average n o n v o l a t i l e ,  ppm . . . . . . . . . . . 0.5 
56.0 
19.0 
37.0 
23.0 
a l  5.0 
aThis number was n o t  measured bu t  is typical f o r  t h i s  body of  water. 
TABLE 11.- TYPICAL PHYSICAL AND CHEMICAL CHARACTERISTICS 
OF THE BIOLOGICAL SLUDGE 
From dumping S h e l l  LaRC R e s u l t s  
permit r e s u l t s  Aug. Sep t  . 
P H . .  . e . .  . e .  . . e . .  
S p e c i f i c  g r a v i t y  . . . . . . . 
T o t a l  suspended s o l i d s ,  ppm . 
V o l a t i l e  suspended s o l i d s ,  ppm 
T o t a l  o r g a n i c  carbon, ppm . . 
Liquid  phase,  carbon,  ppm . 
Organic c h l o r i d e s ,  ppm . . . . 
Mercury, ppm . . . . . . . . . 
S o l i d  phase ,  ppm . . . . . . 
Liquid phase ,  ppm . . . . . 
Cadmium, ppm . . . . . . . . . 
S o l i d  phase ,  ppm . . . . . . 
Liquid  phase,  ppm . . . . . 
Arsenic ,  ppm . . . . . . . . . 
Lead, ppm . . . . . . . . . . 
Copper, ppm . . . . . . . . . 
Zinc, ppm . . . . . . . . . . 
Selenium, ppm . . . . . . . . 
Vanadium, ppm . . . . . . . . 
Beryllium, ppm . . . . . . . . 
Chromium, ppm . . . . . . . . 
N i c k e l ,  ppm . . . . . . . . . 
. .  6.0 to 8.0 . . 1.01 to  1 .05 . .  30 000 . .  23 000 . .  12 000 . .  117 . .  0.800 . .  0.011 
. .  . .  . .  0.020 . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  . .  
0.020 
0.050 
2.800 
10.000 
0.200 
0.200 
<0.004 
40.000 
2.500 
0.045 
<0.001 
0.003 
0.002 
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Figure 1.- Sketch of laboratory setup.  
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(a) Standard sea-level solar irradiance spectra (ref. 8). 
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(b) Solar simulator and standard sea-level spectra. 
Figure 2.- Standard sea-level solar irradiance spectra and 
comparison with solar simulator data. 
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(a) Conditioned tap water as base water. 
Figure 3.- Upwelled radiance plotted against wavelength. 
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(b) Back River water as base water. 
Figure 3.- Continued. 
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(c) Comparison of radiance data in the two base water types. 
Figure 3.- Concluded. 
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Figure 4.- White-card radiance data plotted against wavelength. 
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(a) Conditioned tap water as base water. 
Figure 5.- Upwelled reflectance plotted against wavelength. 
Spectral resolution, 32 nm. 
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(b) Back River water as base water. 
Figure 5.- Continued. 
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(c) Comparison of reflectance data for the two base water types. 
Figure 5.- Concluded. 
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Figure 6.- Comparison of normalized reflectance spectra 
in the two base waters. 
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Figure 7.- Upwelled reflectance plotted against concentration of total 
suspended solids for the two experiments. 
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